Previous work has established that the spatial receptive fields (SRFs) of multisensory neurons in the cerebral cortex are strikingly heterogeneous, and that SRF architecture plays an important deterministic role in sensory responsiveness and multisensory integrative capacities. The initial part of this contribution serves to review these findings detailing the key features of SRF organization in cortical multisensory populations by highlighting work from the cat anterior ectosylvian sulcus (AES). In addition, we have recently conducted parallel studies designed to examine SRF architecture in the classic model for multisensory studies, the cat superior colliculus (SC), and we present some of the preliminary observations from the SC here. An examination of individual SC neurons revealed marked similarities between their unisensory (i.e., visual and auditory) SRFs, as well as between these unisensory SRFs and the multisensory SRF. Despite these similarities within individual neurons, different SC neurons had SRFs that ranged from a single area of greatest activation (hot spot) to multiple and spatially discrete hot spots. Similar to cortical multisensory neurons, the interactive profile of SC neurons was correlated strongly to SRF architecture, closely following the principle of inverse effectiveness. Thus, large and often superadditive multisensory response enhancements were typically seen at SRF locations where visual and auditory stimuli were weakly effective. Conversely, subadditive interactions were seen at SRF locations where stimuli were highly effective. Despite the unique functions characteristic of cortical and subcortical multisensory circuits, our results suggest a strong mechanistic interrelationship between SRF microarchitecture and integrative capacity.
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An introduction to multisensory interactions
Our environment is comprised of myriad sensory cues that are constantly changing along numerous dimensions (e.g., space, effectiveness, etc.). As a consequence of the dynamic nature of our sensory world, the nervous system is continually challenged with resolving the inherent ambiguities that result from these competing stimulus complexes in order to generate directed action and create veridical percepts. To accomplish this task, the brain has to correctly identify whether sensory energies propagated in different domains (e.g., light, sound, etc.) belong to a single event or are derived from several discrete events. Specialized structures, including the midbrain superior colliculus (SC), have evolved to process cues from multiple sensory systems and ultimately integrate this information into a meaningful construct. Indeed, the SC has been the classic model for physiological studies aimed at better elucidating the neurophysiological principles by which individual neurons integrate multisensory cues Meredith and Stein, 1986a,c; Meredith et al., 1987) . The strength of the SC as a model has come from its well-established role in sensorimotor transformation (Sparks, 1986) , its highly stereotyped spatiotopic and motor organization (Meredith and Stein, 1990; Middlebrooks and Knudsen, 1984; Meredith et al., 1991; Stein et al., 1976; Robinson, 1972) , and the fact that a large percentage of its deep layer neurons receive convergent input from multiple modalities (Wallace et al., 1993; Meredith et al., 1992) . In fact, a large body of work now exists which details the operational ''principles" by which SC neurons synthesize their different multisensory inputs. These studies have highlighted the importance of space, time and stimulus effectiveness in dictating the product of a given multisensory combination. Although these studies have focused on parametric manipulation of one of these properties at a time (e.g., varying the spatial relationship of a multisensory stimulus pairing while keeping their temporal relationship and intensity constant), recent work has suggested a strong interdependence between these factors; an interdependence that more closely mimics the nature of a real world multisensory stimulus complex (Royal et al., 2009; Carriere et al., 2008) .
These studies suggesting this interrelationship were motivated by observations that changes in the spatial position of stimuli within the excitatory receptive field resulted in dramatic changes in the response profile of the neuron. A more systematic analysis of this revealed that multisensory neurons are characterized by a complex spatial receptive field (SRF) architecture for each of the modalities to which they are responsive. Furthermore, this work showed that this SRF organization plays an important role in the integrative capacity of the studied neuron, specifically by modulating stimulus effectiveness in a spatially dependent manner.
The need for a comparison between cortical and subcortical multisensory circuits
Although these observations have provided new insights into the dynamism that characterizes multisensory neurons and their integrative properties, it must be reinforced that the majority of the work carried out to date has been in a cortical domain, the anterior ectosylvian sulcus (AES) of the cat. Given that the receptive fields of AES multisensory neurons are substantially larger than those in the SC (Wallace et al., 2006 , and that the visual and auditory representations in the AES are not spatiotopically ordered (Olson and Graybiel, 1987; Clarey and Irvine, 1990) , whether its SRF structure and its integrative consequences generalize to other multisensory structures remains unknown. This is particularly germane given the functional differences that undoubtedly exist between cortical and subcortical multisensory representations, with the former likely to play an important role in multisensory perceptual processes and the latter a larger role in stimulusdirected action (i.e., orientation). Hence, a comparison of cortical and subcortical multisensory populations in terms of their SRF organization and integrative features is likely to yield important insights into both the similarities and differences in the encoding of multisensory information used for perceptual and behavioral purposes. As a step in this process, here we seek to review the existing literature detailing cortical multisensory circuits and compare it with a preliminary data set taken from the SC.
Cortical multisensory neurons exhibit a complex spatial receptive field (SRF) organization
Single-unit recordings from the cortex of the cat anterior ectosylvian sulcus (AES) focused on defining the spatial receptive field architecture of multisensory neurons in this cortical region, and on examining how SRF structure impacted multisensory interactions in these neurons. The cat AES has become one of the predominant models for furthering our understanding of cortical multisensory processes, and is situated at the border between frontal, parietal and temporal cortices . In addition to being comprised of three modality-specific representations, the anterior ectosylvian visual area (AEV; see (Benedek et al., 1988; Mucke et al., 1982; Norita et al., 1986) ), the fourth somatosensory cortex (SIV; see (Clemo and Stein, 1982 ) and the auditory field AES (FAES; see (Clarey and Irvine, 1986) ), there is a substantial multisensory population that is located largely at the borders between these unisensory domains (Jiang et al., 1994a,b; Wallace et al., 2006) . Prior work has shown that the integrative features of these cortical multisensory neurons are very similar to those in the SC, in that these neurons have spatially-registered receptive fields and exhibit multisensory interactions that abide by the spatial, temporal and inverse effectiveness principles first delineated for the SC (Meredith and Stein, 1986b; Meredith et al., 1987; Stein and Wallace, 1996; Wallace et al., 1992) .
The application of methods to define in more detail the receptive field organization of these AES multisensory neurons revealed a complex architecture to the individual unisensory receptive fields of these neurons. As opposed to prior approaches that had focused on defining the response borders of cortical (and subcortical) multisensory neurons, these new analyses sampled at numerous locations within these borders and created a higher resolution spatial receptive field (SRF; Fig. 1 ). These SRF plots illustrated regions of vigorous response surrounded by regions of lesser response (note that the effectiveness of the stimuli used in these analyses was always identical) -a heterogeneity that had not been detailed in prior work (Fig. 2) . Of particular note was the fact that these SRFs could be comprised of singular or multiple hot spots of activity, and that the individual SRFs for the different effective modalities could be well-aligned or strikingly misaligned. The significance of this heterogeneity in both number and overlap remains to be determined.
Cortical multisensory SRFs reveal striking non-linear interactions
Perhaps the most interesting element of this SRF heterogeneity however, was the organization of the multisensory SRFs of these neurons, which almost never could be predicted on the basis of a simple linear addition of the component unisensory SRFs (Fig. 2) . Indeed, the multisensory SRF was found to be most typically comprised of zones of superadditive, additive and subadditive interactions. Analyses developed to probe the functional architecture of these different interactive regions found that the primary determinant of interactive mode (i.e., super-, sub-or additive) for a given multisensory pairing at a specific location was unisensory effectiveness. Pairings at weakly effective locations within the unisensory SRFs typically resulted in superadditive interactions. In contrast, pairings at the hot spots of the SRFs resulted in subaddi- tive interactions, whereas pairings at locations of intermediate effectiveness most often gave rise to additive interactions. On the basis of these relationships, we have proposed a primacy of the inverse effectiveness principle over the spatial principle, in that space appears to be important only by nature of how it impacts the efficacy of response.
Toward the creation of spatiotemporal receptive fields
In addition to these analyses that have focused on the spatial architecture of cortical multisensory neurons and the interactions that they exhibit, we have recently extended this framework to include the dimension of time. Prior work has revealed the importance of temporal factors in multisensory interactions, specifically by showing that the temporal relationship between the paired stimuli is a key determinant of the sign and magnitude of the resultant interaction (Royal et al., 2009) . Extending these observations, we have posited that the temporal dynamics of the evoked sensory responses are likely to play an important role in multisensory integration. To test this idea, we have created a spatiotemporal receptive field plot, in which responses are plotted as a function of both spatial location (in one dimension -as opposed to the two-dimensional SRF plots) and time. Application of these methods to AES multisensory neurons has revealed a previously unappreciated spatiotemporal complexity to the receptive fields of these neurons (Fig. 3) . Once again, the critical observation in these spatiotemporal receptive field analyses is that the multisensory transform (i.e., superadditivity, subadditivity) is tightly linked to response efficacy. Thus, the individual unisensory responses are typically characterized by epochs of higher and lower response. Within epochs of weak response, the probability of superadditive interactions is greatly enhanced. In contrast, during periods of vigorous response, subadditive interactions are the typical response mode. Perhaps most revealing in these spatiotemporal receptive field analyses in AES neurons has been the unveiling of two important temporal epochs in the multisensory response -an early phase during which there is weak or no unisensory responses yet a defined multisensory response, and a late period after which the unisensory responses have ended and the multisensory response remains. Together, these temporal dynamics appear to form the basis for the speeding of responses and extended discharge durations that have been known to characterize multisensory responses (Royal et al., 2009 ).
A preliminary view into SRF architecture in SC neurons
We have recently extended our SRF approaches to the cat SC, where we have focused on defining the spatial architecture and integrative features of a small population of visual-auditory neurons in three animals. The recording and analysis methods for these experiments were identical to those conducted in AES (Carriere et al., 2008; Royal et al., 2009 ). 7. Multisensory SC neurons exhibit marked response differences within their spatial receptive fields A total of 56 sensory responsive neurons were isolated from the intermediate and deep layers of the SC. Of these, 34 (61%) were multisensory neurons responsive to (or influenced by) visual and auditory stimuli. This population was further subdivided into 13 neurons in which a systematic analysis of a sufficiently large number of locations (>12) within the classical excitatory receptive field were sampled, leading to the creation of a SRF for the visual, auditory and multisensory (i.e., combined visual-auditory) conditions (note that all SRF maps are created using a polar coordinate framework). Prior to this SRF analysis, a preliminary qualitative mapping of the visual and auditory receptive fields of these neurons revealed a high degree of spatial overlap, consistent with prior observations (Carriere et al., 2008) . When examined using identical stimuli that only differed in their spatial location, the visual, auditory, and multisensory response profiles of each of the well-characterized neurons exhibited significant differences as a function of stimulus location. Fig. 4 shows the SRF architecture of two representative SC neurons. In 11 of the 13 (85%) well-characterized neurons, this SRF heterogeneity was characterized by multiple (two or more) regions of elevated response surrounded by regions of significantly lesser response (i.e., multiple hot spots). For the majority (7/11) of these neurons, when the SRF architecture was compared between the visual, auditory and multisensory conditions, there was a general agreement in the topography of the spatial structure. Thus, a neuron with a single hot spot in the visual SRF at a specific location was likely to have a singular hot spot in the auditory and multisensory conditions at a similar location. However, several of the sampled neurons showed a significant spatial misregistry between these regions of maximal response. Nonetheless, and despite this general structural similarity across modalities, a comparison of the multisensory SRF with that predicted by a simple addition of the visual and auditory SRFs revealed a complexity to the combinatorial operations not captured by a simple summative model. In addition, a small preliminary sample of neurons has been tested to see how stable SRF architecture is over time (data not shown). These analyses reveal a good degree of constancy to SRF organization. 
Influence of SRF architecture on multisensory interactions
As alluded to above, the multisensory responses of the individual SC neurons could not be readily predicted based on a simple addition of their unisensory response profiles. However, a more detailed analysis of these multisensory responses suggests that a given neuron's SRF organization may play an important role in determining the product of a multisensory interaction. When examined for their capacity to generate significant nonadditive multisensory interactions (i.e., super-and subadditive changes) as a function of stimulus location, it was found that these interactions were produced only in discrete zones within the neuron's SRF(s). It is important to point out that in the current experimental design stimuli were always physically identical in all respects except for location (i.e., same intensity, contrast, frequency, etc.).
An example of this spatial complexity in the integrative architecture of SC neurons is shown in the example neuron depicted on the left half Fig. 4 . In this neuron, substantial heterogeneity is seen in the spatial structure of the visual and auditory SRFs, and a third unique topography emerges under multisensory conditions. A contrast analysis between the predicted and actual multisensory responses reveals zones of significant superadditive interactions (warm colors) and zones of significant subadditive interactions (cool colors). Within these zones the actual multisensory response differed significantly from that predicted on the basis of an additive model. A second example neuron is shown on the right half of Fig. 4 . In contrast to the neuron illustrated on the left, this neuron appears to be unresponsive to visual stimuli (but has a robust auditory response). Nonetheless, the pairing of the auditory and visual stimuli results in a multisensory SRF profile that is different from the auditory SRF, illustrating a strong modulatory influence of the visual stimulus on the evoked auditory response. Although these two examples are qualitatively quite distinct, both appear to follow a similar combinatorial principle in which the gain (and sign) of the multisensory interaction appeared to be largely a function of stimulus efficacy at the tested locations. Thus, whereas pairings at locations in which robust visual and auditory responses are evoked results in either additive or subadditive interactions, pairings at weakly effective locations typically result in superadditive interactions. These two examples are representative of the population of SC multisensory neurons recorded, and highlight how multisensory interactions are critically dependent upon stimulus efficacy, which in turn is strongly dependent upon the unisensory receptive field architecture(s) of the studied neuron. Fig. 5 illustrates these interrelationships in a much more concrete manner. Here, when we examine the response dynamics at two different locations within the unisensory and multisensory SRFs, we see that whereas the combination of weakly effective stimuli results in a superadditive multisensory response (left panel, red trace), the combination of highly effective stimuli results in subadditive interactions (right panel, red trace).
Population analyses reveal additional features of SRF architecture
An analysis of the small population of recorded visual-auditory neurons revealed several additional SRF and multisensory integrative characteristics. Depicted in Fig. 6A is a polar plot analysis representing activity and integrative capacity as a function of spatial location for the population of sampled neurons. Although these plots suggest a reasonable degree of symmetry to the visual, auditory and multisensory SRFs of this population, several notable features emerge. First, activity is almost invariably greater under multisensory conditions, as represented by the greater response area shown in the multisensory polar plot. This finding is further reinforced by the data represented in Fig. 6B , and which shows that the vast majority of tested multisensory conditions resulted in response gains (i.e., enhancements). When the population means are compared across the unisensory and multisensory conditions, this response gain is strongly evident (Fig. 6C) . Thus, whereas the mean visual and auditory responses were 27 and 33 spikes/trial, respectively, the mean multisensory response was 45 spikes/trial, a significant enhancement (p < 0.001). A final intriguing observation that is most apparent in the polar plots is that multisensory gain is not uniformly or symmetrically distributed in space, but rather appears to be greatest along the horizontal meridian.
A comparison of SRF organization in cortical and subcortical multisensory circuits
In the preliminary analysis of SC neurons conducted here, we demonstrate for the first time that the spatial receptive field archi- tecture of multisensory neurons in the cat SC is heterogeneous and complex; a finding previously established for multisensory cortical neurons (Carriere et al., 2008) . These findings add a dimension to our understanding of the spatial structure of the receptive fields of these neurons, which have been traditionally depicted as bordered regions within which a sensory response can be evoked (i.e., the excitatory receptive field). The finding of significant response differences within these border regions is in many respects not surprising given the large size of the receptive fields, and the fact that the underlying neural basis of these receptive fields (i.e., their dendritic extent and input architecture) is unlikely to be uniformly distributed. In fact, analysis of unisensory systems with large receptive fields has revealed that response heterogeneity is the rule rather than the exception (Ozeki et al., 2004; Fitzgerald et al., 2006; Hubel and Wiesel, 1962; Pena, 2003; Pollen et al., 2002) .
11. Subtle differences are seen in the SRF organization of AES and SC multisensory neurons A comparison of the different SRFs of the same SC neuron revealed there to be a global similarity in their structure, with the number of hot spots and the location of these zones being similarly distributed across modalities. Such commonalities may suggest that the overall structure of the SRF is dictated by fixed anatomical and/or biophysical constraints, such as the extent of the dendritic arbor. Intriguingly, these similarities are much less evident in cortical multisensory neurons (Carriere et al., 2008) . This difference may be reflective of more heterogeneity in the inputs from the different modalities to this cortical domain, or may simply be derivative of the less spatiotopic order that is known to characterize AES cortex.
The functional utility of SRF heterogeneity
The utility of unisensory (i.e., visual, auditory) SRF heterogeneity as a functional construct remains in question. One plausible explanation has come from studies in the visual system that have shown the spatial (and spatiotemporal) structure in receptive fields can be an efficient means of encoding spatial dynamics as would be seen with moving stimuli (Fiset and Dore, 1996; Victor et al., 1994; Li et al., 2008) . Future work will explore this issue for unisensory and multisensory SC neurons.
From a multisensory perspective, SRF heterogeneity has clear functional consequences for the multisensory interactions manifested by these neurons. Most importantly, these interactions, which on first blush seem exceedingly complex, can be reduced to a relatively simple concept that is closely tied to SRF structure. Stimulus pairings at weakly effective locations within the SRF typically result in large and often superadditive response enhancements, whereas pairings at highly effective locations (i.e., hot spots) generally give rise to subadditive interactions. This finding is in good agreement with prior work in the SC (and other multisensory structures) that has detailed the principle of inverse effectiveness as a key feature characterizing multisensory interactions Stein, 1983, 1986c; Wallace et al., 1992) . Although the functional value of such an organization remains unknown, one clear consequence of such a structure lies in its ability to amplify signals within weakly effective regions of the unisensory SRFs during multisensory conditions, effectively smoothing the spatial response profile of the neuron and ensuring more uniform and reliable activation to stimulation within the more globally defined receptive field.
These preliminary results presented here represent one of the first efforts to provide a more accurate phenomenological description of receptive field architecture and its impact on multisensory interactions in the SC, with the ultimate goal of gaining a better view into the mechanistic processes that support multisensory processes. Although the current study focused only in the spatial dimension, ongoing studies are expanding these approaches to provide comprehensive descriptions of the spatiotemporal receptive field architecture of these neurons (Royal et al., 2009) . Use of such a construct will shed important light on the dynamism inherent in multisensory circuits -a dynamism that is undoubtedly a result of the inherent stimulus complexities that characterize our sensory world.
